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@ Electrorheologlcal fluids. 



@ The present invention is a fluid which exhibits excellent electrorheologlcal properties at low current densities, 
at high temperatures, and in the complete absence of absorbed water or water of hydration, in a preferred 
embodiment, the fluid comprises lithium hydrazinium sulfate dispersed in silicone oil, and in the presence of an 
appropriate suspension stabilizing agent. 
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ELECTRORHEOLOGICAL FLUIDS 



The present invention relates to fluid compositions wliich demonstrate significant changes in their fluid 
properties in the presence of an electric field. 

Fluids which exhibit significant change in their properties of flow in the presence of an electric field 
5 have been known for several decades. Such fluids were first referred to as "electroviscous" because their 
apparent viscosity changes in the presence of electric fields. As understanding of these types of fluids has 
grown, it has now become apparent that the phenomena being observed is a change in the minimum stress 
required to induce shear In the fluid, while the actual viscosity may remain generally constant. Accordingly, 
these effects are better understood in terms of the total rheology of the fluids and such compositions are 
10 now more commonly referred to as "electrorheologicar ("ER") fluids. 

Early studies of electrorheological fluids were performed by W.M. Winslow, some of which are reported 
in U.S. Patent Nos. 2,417.850 and 3.047,507. WInslow demonstrated that certain suspensions of solids (the 
"discrete", "dispersed" or "discontinuous" phase) in liquids (the "continuous" phase) show large, reversible 
electrorheological effects. These effects are generally as follows: in the absence of an electric field, 
75 electrorheological fluids exhibit Newtonian behavior; specifically, their shear stress (applied force per unit 
area) is directly proportioned to the shear rate (relative velocity per unit thickness). When an electric field is 
applied, a yield stress phenomenom appears and no shearing takes place until the shear stress exceeds a 
yield value which rises with increasing electric field strength. This phenomenon can appear as an Increase 
in apparent viscosity of several, and indeed many, orders of magnitude. 
20 In laymen's terms, an ER fluid initially appears as a liquid which, when an electric field is applied, acts 
almost as if it had become a solid. 

Electrorheological fluids change their characteristics very rapidly when electric fields are applied or 
released, with typical response times being on the order of one millisecond. The ability of ER fluids to 
respond rapidly to electrical signals gives them unique characteristics as elements in mechanical devices. 
25 Often, the frequency range of a mechanical device can be greatly expanded by using an ER fluid element 
rather than an electromechanical element having a response time which is limited by the inertia of moving 
mechanical parts. Therefore, electrorheological fluids offer important advantages in a variety of mechanical 
systems, particulariy those which require a rapid response Interface between electronic controls and 
mechanical devices. 

30 Ail sorts of devices have been proposed to take advantage of the electrorheological effect Because of 
their potential for providing a rapid response interface between electronic controls and mechanical devices, 
these fluids have been applied to a variety of mechanical systems such as electromechanical clutches, fluid 
filled engine mounts, high speed valves with no moving parts, and active dampers for vibration control 
among others. 

35 A rather wide variety of combinations of liquids and suspended solids can demonstrate electrorheolog- 
ical effects. As presently best theorized, the basic requirements for an ER fluid are fine dielectric particles, 
the surface of which typically contains adsorbed water or some other surfactant or both, suspended In a 
non-polar dielectric fluid having a permittivity less than that of the particle and a high breakdown strength. 
As used herein, the term "dielectric" refers to substances having very low electrical conductivities. Such 

4o substances have conductivities of less than 1 X 10""^ mho per centimeter. These are rather general 
requirements, and accordingly a wide variety of systems have been found to demonstrate ER effects. 
V/inslow's initial work was performed using materials as simple as starch in mineral oil. As analysis of these 
materials has continued, other materials have been investigated, with common ones being silica and 
silicone oils as the discrete and continuous phases, respectively. 

45 There are a number of proposed hypotheses for explaining the mechanism through which elec- 
trorheological fluids exhibit their particular behavior. All of these center around the observation that the 
electrorheological effect appears in suspensions in which the permittivity of the discrete phase particles is 
greater than that of the continuous phase. A first theory is that the applied electric field restricts the freedom 
of particles to rotate, thus changing their bulk behavior. A second theory describes the change in properties 

so to the formation of filament-like aggregates which form along the lines of the applied electric field. One 
present theory proposes that this "induced fibration" results from small lateral migrations of particles to 
regions of high field intensity between gaps of incomplete chains of particles, followed by mutual attraction 
of the particles. 

A third theory refers to the "electric double layer" in which the effect is explained by hypothesizing that 
the application of an electric field causes a layer of materials adsorbed upon the discrete phase particles to 
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. move, relative to the particles, In a direction along the field toward the electrode having a charge opposite 
that of the mobile Ions in the adsorbed layer. As used herein, the term adsorption refers to the adherence of 
the atoms, ions or molecules of a gas or liquid to the surface of another substance which is referred to as 
the adsorbent. This differs from absorption which refers to the penetration of one substance into the inner 
5 structure of another. 

Yet another theory proposes that the electric field drives water to the surface of the discrete phase 
particles through a process of electro-osmosis. The resulting water film on the particles then acts as a glue 
which holds the particles together. 

As demonstrated by this wide variety of proposed theories, there exists no single clear cut explanation 
70 of all of the observed phenomena. Nevertheless, a number of empirical parameters have been identified 
which tend to increase or decrease the electrorheoiogical effect in any given fluid. These can be briefly 
summarized as follows: 

Particle size and concentration: In general, higher volume fractions of the dispersed phase afford higher 
induced yield stresses at constant field strength and shear rate conditions. Some researchers have found it 

75 advantageous to use smaller particles, while others have argued that a distribution of particle sizes is 
desirable. Yet another has concluded that electrorheoiogical effects of a fluid will increase with an increase 
In particle diameter until a certain size is reached which maxiniizes the effect, after which a further increase 
In the size of the particles causes a decrease in the effect. Alternatively, for a given size particle, the 
electrorheoiogical effects of the fluid will increase linearly with concentration of particles until a maximum 

20 value is reached, after which the effect again begins to fall off. 

Particle porosity and adsorbed moisture: Some researchers have postulated that the dispersed particles 
should be sufficiently porous to be capable of adsorbing at least 10 percent by weight of water, and that the 
adsorption of water on the particles is a prerequisite to the electrorheoiogical effect in a fluid. Although it 
has been determined that adsorbed water is not always a prerequisite for the electrorheoiogical effect. 

25 adsorbed water does have a marked effect on producing electrorheoiogical effects In a great many cases. 
Overly large amounts of water, however, increase the electrical conductivity of electrorheoiogical fluids and 
the resulting amount of current required to produce the effect increases exponentially with an increase in 
water content. 

Surface activators and surfactants: In many electrorheoiogical fluids, suspension stabilizers such as 

30 surface activators or surfactants demonstrate an increase In the electrorheoiogical response of the fluid, or 
assist in keeping the solid particles from settling, or both. 

~ Field strength: Electrorheoiogical effects increase with increasing field strength. In studying applied 
fields, it has been determined that constant applied field strengths at different electrode spaclngs result in 
about the same electrorheoiogical behavior, demonstrating that the electrorheoiogical properties of a given 

35 fluid are bulk properties of the system, rather than "wall effects" or other geometric factors. 

Temperature: The viscosity of electrorheoiogical fluids has been observed to increase with increasing 
temperature under an electric field, and under a given set of conditions the relative viscosity is higher at 
higher temperatures. The resistivity of electrorheoiogical fluids, however, has been found to decrease as 
temperature increases. For example, in water-activated systems the current which will be passed by an 

40 electrorheoiogical fluid at a fixed voltage field generally doubles for each rise in temperature of 6* C. 

Shear rate: The shear stress of electrorheoiogical fluids increases slightly with shear rate, but not as 
quickly as shear stress rises in the absence of a field. Accordingly, the "electroviscosity" (the arithmetic 
difference between apparent viscosity and viscosity in the absence of a field) decreases with increasing 
shear rate. 

45 A large number of other factors can be shown to have greater or lesser effects on the behavior and 
response of electrorheoiogical fluids. The basic relationships, however, can be summarized as follows: when 
only one parameter Is varied, electrorheoiogical effects increase with an increasing volume fraction of the 
dispersed phase, with an increase in freld strength, and with an increase in temperature. The effects 
decrease with increasing shear rate. 

50 Turning to more specific applications, in order to fulfill their potential as a unique interface between 
electronic controls and mechanical systems, appropriate electrorheoiogical fluids must demonstrate certain 
practical characteristics. For example, for certain applications an ER fluid should be able to withstand 
relatively high operating temperatures. Under other circumstances, low power consumption is important. In 
yet other circumstances, the dispersed phase particles must be non-abrasive. In other circumstances, the 

55 dispersed phase must remain dispersed even where some sort of dispersing agitation cannot be provided. 
As would be expected, the chemical nature of the continuous liquid, the dispersed solid, and any resulting 
combination should be compatible with the mechanical materials used to produce the electrorheoiogical 
device. 
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Many electrorheological devices are more desirably operated at relatively high operating temperatures 
and low electric field strengths. Such conditions can be less suitable for inducing the electrorheological 
effect in fluids which rely on water adsorption as part of their electrorheological mechanism, because of the 
thermal and electrical properties of water. Nevertheless, any electrorheological fluid used in such devices 
5 must still demonstrate sufficient electrorheological capabilities as to be useful. 

Therefore, there exists a present need for ER fluids which are suitable for use under high temperature 
and low current conditions, i.e. a material with an appropriately low conductivity, and yet which are 
physically, mechanically, and chemically compatable with applied systems. 

Several systems have already been proposed. Chertkova et al, Kolloidnyl Zhurnal . Vol. 44, No. 1 . pp. 
70 83-90. Jan-Feb 1982. discuss the electrorheological behavior of titanium dioxide (Ti02) dispersions in 
dielectric fluids to which ten different surfactants were added, but from which water was absent. Because 
TiOz is a semiconductor, however, ER fluids produced according to Chertkova's description could require 
higher current usage than is desirable for many practical applications. 

Makatun et al, Inzh.-Fiz. Zh., 45, 4, 597-602 (1983) (available as library translation 2125 from the Royal 
IS Aircraft Establishment) discuss the behavior of several ER fluids, using aluminum dihydrotrlpolyphosphate 
(H2AIP3O10 2H2O) as a primary example for the dispersed particulate phase. Although Makatun does not 
discuss adsorbed water as being necessary to such systems, he reports that the hydrated character of the 
compound contributes to the ER effect. Therefore, because H2AI3O10 2H2O will dehydrate at temperatures 
of about 130* C and above, Makatun's compositions would be expected to lose their ER effectiveness in 
30 applications taking place at such temperatures. 

In another example. Block and Kelly (U.K. Patent Application GB 2 170 510 A. 6 August 1986) describe 
an ER fluid which is effective using an anhydrous dispersed phase. Block and Kelly recognize some of the 
disadvantages of water-activated ER fluids, but like Cherthova et al suggest that semiconductors— and 
preferably organic semiconductors-be used as the dispersed phase material. The materials they suggest 
25 are generally pigments and tend to form messy fluids which are difficult to handle. Additionally, because the 
dispersed phase materials are semiconductors, the current densities and power consumption required by 
the Block and Kelly fluids can be as high as in water-activated systems. This, of course, makes the use of 
such materials disadvantageous, if not impossible. In applications calling for low current density. 

Accordingly, it is an object of the present invention to provide an electrorheological fluid which will 
30 demonstrate appropriate electrorheological capabilities in the absence of water. 

From one aspect the present invention provides an electrorheological fluid which exhibits appropriate 
capabilities in the absence of water and at relatively low current densities. 

The invention also provides an improved electrorheological fluid- in which the dispersed phase is 
suffuciently polarizable to give rise to the electrorheological effect, while having a sufficiently low conductiv- 
35 ity to prevent electric discharge or excessive current densities while in use. 

In addition this invention provides an electrorheological fluid in which the dispersed phase is a 
hyperprotonic conductor. 

_ From another aspect this invention provides an electrorheological fluid in which the properties of 
polarizability and low conductivity are provided by a dispersed phase solid crystalline material which 
40 conducts electricity favorably along only one of the three crystal axes. 

Further the invention provides a method of preparing an electrorheological fluid which is effective at low 
current densities and in the absence of adsorbed water or water of hydration by admixing a dielectric liquid 
with a particulate phase formed from a crystalline material which conducts current only along one of the 
three crystal axes to form a suspension of the crystalline material In the dielectric liquid. 
45 The invention may be performed in various ways, specific embodiments of which will now be described, 
by way of exannple, with reference to the accompanying drawings in which:- 

Figure 1 is a graph plotting yield strength in pascals against electric field in kilovolts per millimeter 
for a preferred ER fluid according to the present invention; and 

Figure 2 is a graph plotting current density in microamps per square centimeter against the same 
50 electric field for the same fluid. 

In at least one aspect the present invention provides a fluid which exhibits excellent electrorheological 
properties at low current densities, at high temperatures, and in the complete absence of adsorbed water or 
water of hydration. The fluid may comprise a suspension of a liquid phase formed of a dielectric liquid and 
55 a dispersed particulate phase formed from a crystalline material which conducts current only along one of 
the three crystal axes. 

In one embodiment the present invention comprises an electrorheological fluid having electrorheological 
properties at low current densities and in the absence of water. The fluid comprises a liquid phase formed 
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of an appropriate dielectric liquid and a dispersed particulate phase formed of a polarizable solid material. 
The particulate phase is characterized as being one-dlmensional in its conductivity— l.e. one which conducts 
current substantially along only one of the three crystal axes-the exemplary choice of which is lithium 
hydrazinium sulfate (LiN2H5S04), which in turn has the additional characteristics of being hyperprotonic and 
5 exhibiting nomadic conduction. Other such one-dimensional conductive materials will be available to those 
skilled in the art. 

Unlike most electrorheologlcal fluids, the invention develops a large, electric field Induced yield stress in 
the absence of either adsorbed water on the surface of the particles or water of hydration present as part of 
the crystal structure. As set forth earlier, most eiectrorheologicai fluids are water activated and their 

70 eiectrorheologicai response diminishes greatly or disappears entirely when they are dried, or raised to 
elevated temperatures, characteristics which limit their useful operating applications. 

Lithium hydrazinium sulfate is an unusual material, and its use in an eiectrorheologicai fluid Is novel. 
Lithium hydrazinium sulfate displays an enormous anisotropic dielectric constant; i.e. its conductivity varies 
from axis to axis within the crystal structure. Lithium hydrazinium sulfate displays its anisotropic dielectric 

75 constant over a very broad temperature and frequently range but maintains low conductivity at low 
frequencies. Studies of lithium hydrazinium sulfate indicate that the irregular or unusual dielectric behavior 
of this compound is the result of nearly one-dimensional protbnic conductivity and of the sensitivity of its 
conduction characteristics to barriers caused by local crystal defects. According to one researcher, the 
crystal structure of lithium hydrazinium sulfate is such that a framework of 5O4 and UO4 tetrahedra form 

20 channels parallel to one axis in which hydrazinium (N2H5^^) ions are located; Kreuer et al. Investigation of 
Proton-Conducting Solids , Solid State Ionics 3/4 (1981) 353-358. 

As used herein, hyperprotonic conduction refers to a given material's characteristic of conducting 
current through the movement of protons rather than the movement of electrons or holes. ""Hotes" are 
empty electron energy states that are present in a crystal as a result of "foreign" atoms or lattice 

25 imperfections. Because electron^ are mobile, holes can migrate in a manner similar to electrons. In contrast, 
in lithium hydrazinium sulfate, protons may attach to molecular "vehicles" to form ions like which In 

turn are mobile as a whole, Kreuer, supra . As a result lithium hydrazinium sulfate is easily polarizable, a 
desirable characteristic for the particulate phase of an electrorheoiogtcal fluid, but has a low conductivity, 
another desirable characteristic for the particulate phase of an eiectrorheologicai fluid. It will be understood, 

30 however, that the eiectrorheologicai fluid of the present invention is novel in Its characteristics and 
■ applications regardless of any current understanding of the underlying atomic and molecular phenomena. 

Accordingly, it has been discovered by the Applicant that eiectrorheologicai fluids which include lithium 
hydrazinium sulfate as the dispersed phase display outstanding eiectrorheologicai properties in the absence 
of any adsorbed water or water of hydration and at current densities which are one or more orders of 

as magnitude lower than those required by other eiectrorheologicai fluids designed to operate under anhydrous 
conditions. 

The hyperprotonic polarization exhibited by lithium hydrazinium sulfate can also be considered to be a 
special case of nomadic polarization. Nomadic polarization results from the pliant response of thermally 
excited charges situated on long polymer chains or crystal lattice domains. The term "nomadic" is 

40 descriptive of the movement of the charges in response to an external electric field, which movement is 
relatively wide-ranging; i.e. over distances corresponding to many molecular lengths or lattice sites. In 
contrast, the charged displacements in normal electronic (movement of electrons or holes), atomic or 
orientational polarization are quite small. 

Most nomadic polarization results from highly delocalized electrons moving on long molecular 

45 (polymeric) domains and is referred to as "hyperelectronic" polarization. Lithium hydrazinium sulfate is 
unusual in that the charge carriers which provide its nomadic polarization characteristics are protons which 
are free to roam for considerable distances along one particular axis in the crystal structure as described 
eariier. Accordingly, this characteristic is known as "hyperprotonic" polarization. 

The large dielectric constant of lithium hydrazinium sulfate reflects the high polarizabillty of its crystals. 

50 Accordingly, when an eiectrorheologicai fluid is formed using lithium hydrazinium sulfate as the dispersed 
particulate phase, a very large induced yield stress occurs under the influence of an extemal electric field. 
In short, such a fluid gives a very strong eiectrorheologicai response. At the same time, the low. anisotropic 
conductivity at low frequencies allows the applied current and the resulting power consumption of such a 
fluid to remain desirably small. 

55 Chemicaily. because lithium hydrazinium sulfate is a salt, it is very stable under most conditions and 
has a melting point greater than 300 'C. In contrast to Kreuer et al. who report a loss of hydrazinium at 
temperatures above 80* centigrade, eiectrorheologicai fluids within the present invention are capable of 
operating at very high temperatures, typically almost 200 *C higher than materials which are effective only 
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in the presence of adsorbed water or water of hydration. 

Crystais of lithium hydrazinlum sulfate can be synthesized by combining stoichiometric amounts of 
lithium carbonate and hydrazine sulfate according to the following reaction: 
LiaCOs + 2(NH2)2H2S04 — 2UN2H5SO* + C02 + H2O 
5 In practice, the hydrazine sulfate powder is first partially dissolved In distilled water. The lithium 

carbonate powder is added slowly while stirring the water. The reaction generates bubbles of carbon 
dioxide gas rather profusely as the reaction proceeds. 

When the reaction is complete, water Is allowed to evaporate. The resulting crystalline lithium 
hydrazinium sulfate is crushed, ground and dried, tn preferred embodiments, the crystais are ground to 

10 yield a fine powder of between about one and about twenty microns in size with sizes of between about five 
and ten microns preferred. The powder is then stored in a convection oven at about 115* C to prevent any 
water adsorption or caking until it is used to form the electrorheological fluid. 

The electrorheological fluid itself can be prepared by simply mixing the lithium hydrazinlum sulfate 
powder with an appropriate amount of a dielectric liquid, typically a silicone oil. In one embodiment, the 

IS lithium hydrazinium sulfate is added until it is present in a volume fraction of the total fluid of between about 
15 and about 50 percent. In another preferred embodiment, the amount of lithium hydrazinium sulfate is 
present in a ratio by weight of between about 1:1 and about 1.7:1, lithium hydrazinium sulfate to silicone oil. 

It has been determined according to the present Invention, however, that although the initial mixing of 
appropriate proportions of the lithium hydrazinium sulfate powder and the silicone oil results in a working 

20 ER fluid, the dispersed lithium hydrazinlum sulfate tends to flocculate, making the fluid form a thick grease 
or paste. The physical characteristics of such a grease or paste can be disadvantageous in certain 
applications. Accordingly, under other applications a suspension stabilizer is added to the mixture of lithium 
hydrazinium sulfate and silicone oil. 

A first type of stabilizer is referred to as a "steric" stabilizer, meaning that the molecular structure of the 

25 stabilizer is such that when present with the lithium hydrazinium sulfate, the stabilizer retards or eliminates 
the tendency of the lithium hydrazinium sulfate particles to thicken or settle. One preferred steric stabilizer 
is an amino-functionalized poiydlmethyislloxane. This material acts as a fluidizer which prevents the 
uncontrolled flocculation of the lithium hydrazinium particles, and results in an electrorheological fluid that 
has a consistency similar to that of milk. Preferably, this dispersant can be added to, and dissolved in, the 

30 silicone oil before the lithium hydrazinium sulfate powder is added. 

Even more advantageously, it has been determined by the Applicant that when added In proper 
proportions the steric stabilizer does not totally stabilize the lithium hydrazinium sulfate particles but instead 
allows a controlled amount of weak flocculation to take place. This aspect of weak flocculation keeps the 
relatively dense lithium hydrazinium sulfate particles in a desired suspension. 

35 By way of further explanation, the lithium hydrazinium sulfate particles have a specific gravity of about 
2.0, which is slightly more than twice that of the silicone oil. Because the particles are too large for 
Brownian motion to keep them suspended, individual lithium hydrazinium sulfate particles are gravitationally 
unstable when suspended in the silicone oil. If the suspension stabilizer totally stabilized the particles and 
prevented any flocculation whatsoever, a very dense sediment would result as the particles rolled over and 

40 past one another until the closest possible packing density was reached. If, however, the system is slightly 
unstable, weak flocculation takes place, forming a loose network of flocculated particles which results in a 
"sediment" volume large enough to fill the entire suspension. This effectively results in the formation of a 
gel. As used herein, the term "get** refers to the condition in which the dispersed particles are combined 
with the liquid continuous phase to form submicroscopic particle groups which retain a great deal of solvent 

45 in the interstices therebetween. 

In the absence of the stabilizer, and as stated above, the lithium hydrazinium sulfate particles form a 
rather heavy flocculated grease. In contrast, the weakly flocculated suspension resulting from the stabilizer 
becomes fluid when moderately shaken or stirred as a sufficient number of bonds between particles are 
broken. If left undisturbed for a period of time, however, the fluid will return to the gel state. This 

50 characteristic is refenred to as thixotropy, which is defined as the ability of certain gels to liquify when 
agitated and then to return to the gel form when at rest. 

As a further example, thixotropy is a desirable property in higher quality paints. 

It has been determined by the Applicant that the production of a thixotropic fluid depends strongly upon 
the type and amount of steric stabilizer present. If the fluid lacks stabilizer, a permanent paste results. If too 
55 much stabilizer is added, the particles are free to settle into a dense sediment In preferred embodiments of 
the invention, an amino-functionalized polydimethylsiloxane steric stabilizer having a molecular weight of 
about 5.000 is added to the fluid in amounts between about 0.05 percent and 0.3 percent by weight relative 
to lithium hydrazinium sulfate. One currently available such stabilizer is Baysiione OF-4061 which is 

6 



BNSOOCtD: <EP n319701A9 I > 



EP 0 319 201 A2 



ava^able .n the United States from Mobay. a distributor for Bayer of Germany. In a most preferred 
eml^odiment the stabilizer is added in amounts of between about 0.1 percent and 0.2 percent by weight 
relaive to tfie l.th.um hydraainium sulfate. Generally speaking, if the resulting fluid is to be used in 
apphcahons calling for relatively high temperatures; e.g. greater than lOO'C. dispersant amounts in the 
upper end of these ranges are preferred. 

If the amount of stabilizer is increased significantly, a sediment layer and a clear layer will form 
resulting from the particles being too stabilized to flocculate at all. In a preferred embodiment, a volume 
mixfcjre of one part lithium hydrazinium sulfate and one part of ten centistoke silicone oil. along with the 

,rn^^^^^^^^ ^ *^'''°^°P'^ approximately one hL. A vial 

containing a few milliliters of this fluid can be inverted and the fluid will not run out. The fluid will remain in 
this condition mdefmitely with no settling or phase separation occurring. Nevertheless, a small agitation 
such as a single, light finger tap. is sufficient to refluidize the suspension -a'wnon. 

Other steric stabilizers may be used as dispersants and include amino-, hydroxy-, acetoxy-. or alkoxy- 
fur^tionalized polydirnethylsiloxanes having molecular weights in excess of 800 or more^^pecS 
fnc7^r.H! J about 1000 repeat units in the polysiloxane chain. Other suitable steric stabilizers 
include the wide range of block and graft copolymers as described by D.H. Napper in "Polymeric 
02?.^"^ °n wT?' ^'^"^"^'^ London. 1983. These include'materials origSy 

trt^arnaLTv™ " ^^'^^^^ ^'^^^^^ «V availablelndei; 

^^"'aL*'ooo^'"f'® molecules in which two different types of homopolymer chains (...AAAAAAAA 
fnL: ? u'"^ r *° While any number of homopolymer blocks can be joined 

together typically only one block of each type are involved so that the final copolymer has one end of type 
A and the other end of type B (AAAAAAAAAABBBBBBBBBBBBB). In the case of a block copolymer 
stabilizer one block forms an anchor group which is nominally insoluble in the fluid media and attaches to 

^Lr^thT^ !" ^'^^ 9^"^^^"y very long and provides the 

stenc stab.hzat.on barrier. Graft copolymers are somewhat different. In this case a long ^lymeric backbone 

ln„Tt!l^LTf ''<^'"°P°'y™ers with Side chains of the other homopolymer attached at intervals 
along its length to form a comblike copolymer structure; 
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Iwf'h"^'^ '^^.H?""^^ ^'^'"^""^ '^^"'^ ^""^ a"<*0' for attaching the molecule to the particle and the 
side chains would be solvated by the fluid media. ' ^ o anu uie 

The optimal amount of stabilizer will depend on the actual surface area of the oarticles and tha 
molecular weight of the specific stabilizer (surfactant, dispersant) selected. The surface area of lithiu^ 
hydrazinium sulfate particles prepared as described herein has been estimated from microscopic analysed 
^ and analysis of nitrogen adsorption isothemis to be about l m^/gram. Based upon this surface area, the 
^jTottTlf 1 O-^-^O^^ =*-'''"^«r referred to above corresponds to between about oS 

TiR r!^r °^ ^^^'^"•^^r per square nanometer of lithium hydrazinium sulfate surface, with about 

0.16 molecules per square nanometer preferred; I.e. 1 .6 X 10" molecules per square meter 

t*L°"^'j'°"^'?'^"°" suspension-stabilized ER fluids suitable for higher-temperature 

applications, it has been discovered by the Applicant that maintaining or "aging" the flufcl at an elevated 
S r:*''''^''^"°^^ centigrade-encourages the thlxotro^ gel trform "evSSy 

Because higher operating temperatures tend to require ER fluids carrying higher proportions of suspension 
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• -2^2.^^^^^^^^^^ 0.S a„. 1000 cen«stoKes are p...e. 

one of a large number of efectrically insulatino hydroDhobil it ^^^^^^ ^'^^ ^^'^-^t^d from any 

oils, transformer .nsulat/ng fluids. Paraffin S" haC^atei irS^^ transformed 

known to those familiar with such compounds ^^^^^ o^T^Sl '"^T ^'^ ^^°Senate6 paraffins. As 

proper^,es of both electrical and thermal insullof NaLal v T ''^^'"^ '='^«racterisfics 

mineral o.ls which have low viscosity and hfah cheSl^^ '■"'='"de refined 

comprise chlorinated aromatics (chlorinated bSe^^^^ ul^'^^ Synthetic transformer oils generally 

c^^TfLf inrb" "r ^ - -^^^^^^^^^^^^^ -"--^ 

invention are certain perfluonnated oTvIr ' 1 "f.^^^^^^ -onJMnction With the Dresent 

keeping flow rates low. the viscous contribution to fhe oJItL H^^^^^ I' ^ °^ ^PP''^^^ ^o»age. By 

(T)_.s calculated according to the following formute: ^ " '"^"'^d yield stres^ 



20 T = dp(B/2L) 



stresses and flow cl>annel sfeea'm Vte ^rt«L^L^7»!- " ^^"9^^ °' ^ates. vfecosC««« vi«w 
25 .Yield Stress," Ph.D. Thesis,. University ot CaTitornia, BeiWey, 1953. 
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This fluid comprised 100 parts of lithium hydrazinium sulfate powder prepared as described above, 
having a particle size of between about 5 and about 10 microns, and dispersed in 59 parts of 10 centistoke 
silicone oil with 0.13 parts of Baysilone OF-4061 added. Upon standing quiesent for approximately one 
hour, this fluid formed a weak gel and did not settle into a hard sediment. The yield stress results are 
35 illustrated in Figures 1 and 2. 

Figure 1 shows the induced yield stress as a function of electric field for the fluid of Example 1. 
Figure 2 shows the corresponding current density passing through the fluid of Example 1 over the same 
range of electric field. The observed induced yield stress (T) as a function of electric field (E) is empirically 
described by the following equation; 
40 T = 14 + 392^ 

in which the electric field is expressed in units of kilovolts per millimeter (kV/mm) and the resulting yield 
stress is in pascals (newtons/m^), 

45 Example 11 

This fluid was prepared identically to that of Example I with the exception that the amount of dispersant 
was doubled. A sample of this fluid was maintained in an oven in an open container at 115* C for 15 hours 
50 and showed no degradation in performance as determined by an ER test probe. 

Example III 
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This fluid comprised 100 parts of lithium hydrazinium sulfate prepared as described above and 100 
parts of silicone oil. This fluid was prepared in the absence of any suspension stabilizer and had the 
consistency of thick axle grease. Its thickness prevented any appropriate yield stress testing. 
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Example IV 



This fluid was produced by adding 0.26 parts of Baysilone OF-4061 to the fluid of Example III, Upon 
5 addition of the stabilizer, the consistency of the fluid immediately changed to that of milk. This amount of 
dispersant, however, was slightly more than appropriate for formation of the weekly flocculated gel. Upon 
standing, this fluid separated to form a small clear layer of fluid above a thick, loose, weakly flocculated 
sediment layer. 

70 

Example V 



This fluid was prepared In an identical manner to Example iV with the exception that only 0.1 part of 
75 Baysilone OF-4061 was added. This fluid had the consistency of milk, showed a strong electrorheological 
response, and did not settle to form sediment. After a standing time of about one hour, this fluid forms a 
thixotropic gel throughout its entire volume. • 

20 Example VI 



This fluid comprised 100 parts of lithium hydrazinium sulfate which was subjected to limited grinding 
and had an average particle size of about 100 microns, mixed with 100 parts of silicone oil. Although this 
25 fluid had the same absolute proportions as the fluid of Example III, it remained fluid in the absence of any 
dispersant because of its larger particle size. The larger particles, however, settled out rather quickly. This 
fluid was maintained in an open container in a convection oven at about 120*0 for about 60 hours. It 
displayed the same strong electrorheological response both before and after the oven treatment. 

In the drawings and specification, there have been disclosed typical preferred embodiments of the 
30 invention and, although specific terms are employed, they are used in a generic and descriptive sense only 
and not for purposes of limitation, the scope of the invention being set forth in the following claims. 



Clainns 

35 

1. An electrorheological fluid having electrorheological properties at low current densities and in the 
absence of adsorbed water or water of hydration, said fluid comprising a suspension of: 
a liquid phase formed of a dielectric liquid; and 
a dispersed particulate phase. 
40 2. A fluid as claimed in Claim 1 wherein the dispersed particulate phase is formed from a crystalline 
material which conducts current only along one of the three crystal axes. 

3. A fluid as claimed in Claim 1 or Claim 2 wherein the dispersed particulate phase is formed of a 
hyperprotonic polarizable solid material. 

4. A fluid as claimed in any one of the preceding claims wherein the dispersed particulate phase is 
45 formed from a material which exhibits nomadic polarization. 

5. A fluid as claimed in any one of the preceding claims wherein the dispersed particulate phase is 
formed by lithium hydrazinium sulfate. 

6. A fluid as claimed in Claim 5 wherein the particulate phase of lithium hydrazinium sulfate comprises 
particles which are between about 1 micron and 20 microns in diameter or between 5 microns and 10 

50 microns in diameter. 

7. A fluid as claimed in any one of the preceding claims wherein the dispersed particulate phase 
comprises a weakly flocculated suspension. 

8. A fluid as claimed in any one of the preceding claims further comprising a suspension stabilizing 
agent. 

55 9. A fluid as claimed in Claim 8 wherein the stabilizing agent stabilizer is a steric stablizer for example 
an amino - functionalized polydimethyl siloxane, a block copolymer suspension stabilizer or a graft 
copolymer suspension stablizer. 



9 
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10. A fluid as claimed In Claim 8 or Claim 9 wherein the suspension stabilizing agent is present In an 
amount of about 0.05 and 1 molecule of stabilizing agent per square nanometer of surface area of the 
dispersed particulate material. 

1 1. A fluid as claimed In any one of the preceding claims wherein the stabilizing agent is present in an 
s amount of between about 0.05 percent and 0.3 percent by weight relative to said dispersed particulate 

material and/or the dispersed particulate phase is present In a volume fraction of the total fluid between 
about 15 and about 50 percent. 

12. A fluid as claimed in any of the preceding claims wherein fluid has been heat treated at 
temperatures above 100 degrees centigrade. 

10 13. A fluid as claimed in any one of the preceding claims wherein the dielectric liquid is an insulator 
and/or is hydrophobic, and/or is selected from the group consisting of: silicone oils, mineral oils, transformer 
oils, transformer insulating oils, paraffin oils, perfluorinated polyethers, halogenated paraffins and haloge- 
nated aromatic oils. 

14. A fluid as claimed in Claim 13 wherein the silicone oil has a viscosity of between about 0.65 and 
75 about 1000 centistokes. 

15. A fluid as claimed in any one of the preceding claims wherein the dielectric liquid comprises 
silicone oil and the dispersed particulate material is lithium hydrazinium sulfate which is present in a ratio 
by weight of between about 1:1 and 1.7:1, lithium hydrazinium sulfate to silicone oil. 

16. A fluid as claimed in Claim 1 wherein the liquid phase is formed of about 100 parts by weight of 
20 polydimethyl slloxane oil having a viscosity of about 10 centistokes; and wherein the dispersed particulate 

phase is formed from between about 50 and about 170 parts by weight of lithium hydrazium sulfate. 

1 7. A fluid as claimed in any one of the preceding claims in the form of a thixotropic gel. 

18. A method of preparing a fluid which exhibits electrorheological properties at low current densities 
and in the absence of adsorbed water or water of hydration, the method comprising: 

25 admixing a dielectric liquid and a particulate crystalline material which conducts current only along one of 
the three crystal axes to form a suspension of the particulate crystalline material in the dielectric liquid. 

19. A method as claimed in Claim 18 further comprising admixing a suspension stabilizing agent to 
form the suspension. 

20. A method as claimed in Claim 18 or Claim 19 further comprising maintaining the admixture at an 
30 elevated temperature for a time sufficient to form an irreversibly thixotropic gel. 

21. A method as claimed in any one of Claims 18 to 20 wherein the step of admixing a particulate 
crystalline material comprises admixing lithium hydrazinium sulfate. 

22. A method as claimed in any on© of Claims 18 to 21 wherein the step of admixing a dielectric liquid 
comprises admixing a liquid selected from the group consisting of: silicone oils, minerals oils, transformer 

35 oils, transformer insulating fluids, paraffin oils, perfluorinated polyethers, halogenated paraffins and haloge- 
nated aromatic liquids. 

23. A method of preparing a fluid which exhibits electrorheological properties at low current densities 
and in the absence of adsorbed water or water of hydration, said method comprising: 

admixing liquid silicone oil, powdered lithium hydrazium sulfate and a suspension stabilizing agent to form a 
40 suspension of the lithium hydrazinium sulfate in the silicone oil; and 

maintaining the admixture at a temperature of greater than 100 degrees centigrade for a time sufficient to 
form an irreversibly thixotropic gel. 

24. A method as claimed in Claim 23 wherein the step of admixing silicone oil and lithium hydrazinium 
sulfate comprises admixing sufficient lithium hydrazinium sulfate to bring the volume fraction of lithium 

45 hydrazinium sulfate in the total fluid to between about 1 5 and about 50 percent. 

25. A method as claimed in Claim 23 or Claim 24 wherein the step of admixing suspension stabilizer 
comprises admixing suspension stabilizer in an amount of between about 0.05 percent and 0.3 percent by 
weight relative to the admixed lithium hydrazinium sulfate. 

50 
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comprises lithium hydrazinium sulfate dispersed in silicone oil. 
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